We propose and numerically demonstrate a new concept of fibre laser architecture supporting self-similar pulse evolution in the amplifier and nonlinear pulse spectral compression in the passive fibre. The latter process is beneficial for improving the power efficiency as it prevents strong spectral filtering from being highly dissipative.
Introduction
Rapid recent progress in passively mode-locked fibre lasers is closely linked to new nonlinear regimes of pulse generation, namely, the selfsimilarly evolving, parabolic pulse (similariton) 1 and the all-normal-dispersion (dissipative soliton) 2 regimes. These are fundamentally different from the well-known soliton and dispersion-managed soliton regimes. More recently, similariton evolution in the gain segment of a fibre laser was demonstrated in a laser with an anomalous-dispersion segment 3 , in a Raman fibre laser and in an all-normal dispersion fibre laser 4 . In the latter configuration a narrow-band spectral filter provides the dominant mechanism for seeding the self-similar evolution in the amplifier by compensating both the broad pulse duration and bandwidth after the gain segment. The non-trivial interplay between the effects of gain, dispersion and nonlinearity in a fibre laser cavity leads to a variety of possible pulse shaping mechanisms not yet fully explored. In this paper, we propose a new fibre laser design that takes advantage of the process of spectral compression arising from nonlinear pulse propagation in optical fibre 5 . We numerically demonstrate that both highly chirped amplifier similaritons and transform-limited picosecond pulses can be generated with the proposed scheme. Nonlinear spectral compression yields increased spectral brightness compared to direct spectral filtering.
Laser cavity architecture and numerical model We consider a loop fibre laser configuration as shown in Fig. 1 . A 3-m-long segment of ytterbium-doped fibre (YDF) with normal groupvelocity dispersion (GVD) provides pulse amplification and supports similariton dynamics with nonlinear attraction. The gain fibre is followed by a saturable absorber (SA) element and a large optical band-pass filter (OBPF) that enhances stability of the laser operation. After the filter, the pulse enters a dispersive delay line (DDL; realizable experimentally with a pair of diffraction gratings or a hollow core fibre) which provides anomalous GVD with negligible nonlinearity, and imparts a negative frequency chirp onto the positively (normally) chirped pulse as produced by the fibre amplifier. The negatively chirped, large-bandwidth pulse is then spectrally compressed in a 1.1-m-long segment of single-mode fibre with normal GVD (NDF: normally dispersive fibre). Indeed, for the negatively chirped pulse entering the fibre, where the long and the short wavelengths are in the trailing and leading edges, respectively, the effect of self-phase modulation is to redistribute both the long and the short wavelengths toward the center wavelength and therefore to spectrally compress the pulse instead of spectrally broadening it 5, 6 . This results in significant increase of the energy spectral density. Such spectral compression is the key feature of our laser set-up. A narrow OBPF is used after the NDF to suppress the spectral wings due to imperfect compression. Two output couplers are placed after the gain fibre and after the second OBPF, respectively. Propagation within each section is modeled with a modified nonlinear Schrödinger equation for the slowly varying pulse envelope:
where  2 is the GVD and  is the coefficient of cubic nonlinearity for the fibre section, with  . A linear loss of 60% is imposed at each output port. The numerical model is solved with the standard split-step Fourier method and the initial field is white noise. The simulations are run until stable operation of the laser is obtained after a finite number of round trips in the cavity.
Pulse shaping in the cavity
The steady-state intra-cavity pulse dynamics is illustrated by plots of the temporal and spectral pulse evolutions (Fig. 2) , and of the evolutions of the root-mean-square (rms) pulse duration and spectral bandwidth (Fig. 3) over one round-trip. Also shown (Fig. 2) is the intra-cavity dynamics that occurs in a standard amplifier similariton fibre laser consisting of an YDF segment, a SA and an OBPF 4 . The FWHM bandwidth of the filter is 2 THz for the standard cavity, which is the minimum value permitting stable laser operation, while other system parameters are the same as those mentioned in the previous section.The pulse solution at different positions in the cavity is shown in Fig. 4 . The pulse duration and bandwidth increase monotonically in the gain fibre as the pulse evolves towards the asymptotic attracting solution in the fibre (Figs. 2, 3) , consistently with what is well known from self-similar propagation 7 and mode-locking. A typical feature of amplifier similaritons is indeed that the pulses evolve toward a parabolic asymptotic solution 7 : the pulse is nearly parabolic in shape at the end of the gain fibre (Fig. 4a) . The associated spectrum exhibits some structure, as expected for a parabola with finite (though large) chirp. This pulse has a timebandwidth product (TBP) of approximately 17. Cancellation of the rather highly linear chirp outside the cavity can lead to high-quality temporally compressed pulses with durations as short as 100 fs and peak powers well above 10 kW. In the standard similariton laser, the spectral filter compensates both the broad pulse duration and bandwidth after the gain segment (Fig. 2b) . Thus, the main pulse shaping mechanism relies on the attracting nature of amplifier similaritons, which is then compensated by strong spectral filtering. However, such filtering introduces high energy loss. In contrast, the pulse shaping mechanism of the laser design proposed in this paper is dominated by two distinctly different nonlinear processes: similariton formation with nonlinear attraction in the gain fibre, and spectral compression arising from nonlinear propagation in the passive fibre and leading to large spectral narrowing (Fig. 3) . The first OBPF carves the output spectrum from the amplifier, and the linear DDL only affects the temporal width of the pulse. It is worth noting that this pulse dynamics is fundamentally different from that of a fibre cavity with a dispersion map. The spectral compression factor, which is defined as the ratio of the FWHM widths at the input and output of the passive fibre, is approximately 6 and corresponds to an output FWHM width of 0.8 THz (Fig. 4b) . The latter is comparable to the bandwidth of the narrow OBPF. The energy spectral density of the pulse is therefore largely increased, and nonlinear spectral compression prevents strong spectral filtering from being highly dissipative. The output pulse from the passive fibre exhibits a nearly transform-limited picosecond profile with a TBP nearly equalizing the transform limit for a Gaussian pulse (0.441).
Note that the direct generation of transformlimited picosecond pulses is very difficult to achieve in conventional laser cavities supporting self-similar evolution in active or passive NDF.
Fig. 3:
Phase diagram representing the combined evolution of the temporal and spectral rms widths of the pulse over one round-trip. The locations in the cavity indicated in Fig. 1 are shown.
Conclusions
We have numerically investigated a fibre laser design whose pulse shaping mechanism relies on similariton formation with nonlinear attraction in the gain segment of the oscillator and nonlinear spectral compression in the passive fibre. We have shown that nonlinear spectral compression is beneficial for improving the energy efficiency of the cavity as it prevents strong spectral filtering from being highly dissipative. Larger compression factors or output pulse energies can be obtained by further scaling of the cavity parameters.
